Background: The renin-angiotensin-aldosterone system (RAAS) regulates blood pressure, electrolyte homeostasis, and renal function. Blood pressure, serum sodium concentrations, and urinary albumin excretion are higher in Greyhounds than other purebred and mixed-breed dogs.
T he prevalence of death from renal disease in retired racing Greyhounds is approximately 8%. 1 Greyhounds exhibit certain physiologic traits, including higher blood pressure, than non-Greyhound dogs and a tendency to develop albuminuria [2] [3] [4] [5] [6] [7] that have been implicated in the development of renal disease. 8 Persistent albuminuria is a marker of early renal disease in dogs and is associated with progressive glomerular and tubulointerstitial damage, ultimately resulting in the progressive loss of renal function. 8 Likewise, hypertension has been implicated both as a consequence and cause of kidney disease in dogs. 9, 10 Activation of the renin-angiotensin-aldosterone system (RAAS) is implicated in the development of both hypertension and proteinuria. 11 In hypertensive states, the presence of either hyperreninemia or primary total body sodium excess is inappropriate and provides the basis for elevated blood pressure. In humans, hypertension is further characterized by high, low, or normal plasma renin activity (PRA). 12 High-renin hypertension is characterized by a disproportionate and persistent increase in peripheral vascular resistance, whereas lowrenin hypertension may be secondary to an increase in total body sodium concentration. In normal renin hypertension, renin and sodium remain within a normal range and fail to compensate appropriately. 12 In addition to exhibiting tendencies toward hypertension and proteinuria, Greyhounds have also been documented to have disparities in the concentration of serum electrolytes regulated by the RAAS. Concentrations of serum sodium, chloride, and bicarbonate tend to be higher in Greyhounds, whereas serum potassium tends to be lower compared to other dog breeds and mixed breeds.
13
Atrial natriuretic peptide (ANP) production by atrial myocytes is linked to the RAAS by incompletely understood mechanisms. ANP secretion is stimulated by oral salt or intravenous fluid infusion-associated increases in extracellular fluid volume. ANP results in natriuresis and vasorelaxation and suppresses juxtaglomerular apparatus production of renin. [14] [15] [16] The classification of hypertension using blood renin and aldosterone concentrations is helpful in not only understanding the physiologic basis for elevations in blood pressure, but also when formulating a treatment plan for patients with hypertension. RAAS blockade slows progression of renal injury in both people and dogs, 11 suggesting that upregulation in RAAS activity precipitates or contributes to continued renal damage. Specifically in dogs, inhibition of angiotensin-converting enzyme (ACE) is effective in slowing progression of renal injury and is associated with a concurrent decrease in glomerular and systemic hypertension and a decrease in albuminuria. 17 The purpose of this study was to determine whether Greyhounds have alterations in their RAAS which may contribute to the hemodynamic and clinicopathologic differences observed in the breed. We hypothesized that RAAS hormones associated with sodium and water retention would significantly differ between Greyhounds and non-Greyhounds and would be associated with differences in systolic blood pressure and with serum electrolyte, symmetric dimethylarginine (SDMA), and urine albumin concentrations.
Materials and Methods
The study was conducted in accordance with the guidelines of the Animal Care and Use Committee of The Ohio State University and with informed consent of the owners. Dogs consecutively enrolled in The Ohio State University Veterinary Medical Center Animal Blood Bank donor program over a 2-month period were eligible for inclusion. Eligibility criteria for the blood donor program included dogs weighing >25.0 kg, which had never received a blood transfusion, and which tested negative for blood-borne infectious diseases. Diet was not controlled. Dogs were excluded if any clinically relevant abnormalities were detected on physical examination, CBC, serum biochemistry profile, or routine urinalysis; in Greyhounds, we used specific breed-related reference intervals.
13 Dogs were also excluded if insufficient volume of blood or urine was collected for all required tests.
Blood Pressure Measurement
Feed was withheld from the dogs by their owners for 12 hours before presentation. Blood pressure was measured after a minimum of 5-minute acclimation to the clinic environment and prior to physical examination or sample collection. Dogs were gently restrained in right lateral recumbency. Measurements were obtained using an oscillometric blood pressure monitor a with a cuff size approximately 40% of limb circumference on the left pelvic limb, as previously described. 18 Blood pressure values were determined by averaging 5 systolic (SP), diastolic, and mean arterial blood pressure readings.
Sample Collection
Midstream voided urine samples were collected following blood pressure measurement. Blood was then collected by jugular venipuncture using a butterfly catheter. Serum was collected for measurement of a routine biochemistry profile, SDMA concentration, serum ACE activity, and aldosterone concentration. Samples were collected in separate tubes containing EDTA for CBC and prechilled ETDA tubes for measurement of PRA; PRA samples were kept on ice until being frozen at À80°C. For measurement of ANP, blood was collected in chilled tubes containing EDTA and aprotinin (200 KIU/mL) b and kept on ice until frozen at À80°C. Serum and plasma were separated within 1 hour of collection. Centrifugation of samples for PRA and ANP was carried out in a refrigerated centrifuge. Samples were stored at À80°C until time of analysis for SDMA, ACE activity, aldosterone, PRA, and ANP.
Sample Analysis
Routine urinalysis was performed within 1 hour of collection. Dogs were excluded from study enrollment if >3 leukocytes or >3 red blood cells per high power field were found on sediment examination. Urine creatinine, sodium, potassium, chloride, and protein were measured by standard biochemical analysis.
c Urine was centrifuged to remove sediment and frozen at À80°C for later determination of quantitative urine albumin concentration. Routine CBC e with hand differential white blood cell count and biochemical analyses c were performed within 1 hour of sample collection. Fractional excretion (FE) of electrolytes and albumin were calculated as [(Solute urine 9 Creatinine serum )/ (Solute serum 9 Creatinine urine )] 9 100%. Serum SDMA, an indicator of glomerular filtration rate, was measured by a commercial laboratory.
f Serum ACE activity was determined by fluorometric assay that measured formation of hippuric acid from hippuryl-Lhistidyl-L-leucine substrate b by ACE with a coefficient of variation (CV) of 11.8% as previously described. 19, 20 Serum aldosterone was measured using a radioimmunoassay g previously validated for dogs 21 with an analytical sensitivity of 11 pg/mL and CV of 2.1%. PRA was measured by radioimmunoassay of angiotensin I generation in plasma h as previously described in dogs 22 and with an analytical sensitivity of 0.018 ng/tube and CV of 1.8%. Plasma ANP was measured using a radioimmunoassay i as previously validated in dogs 23 and with an analytical sensitivity of 0.04 ng/mL and CV of 10.3%. All hormone assays were run in duplicate. Curve fitting and determination of unknowns were calculated for the radioimmunoassays using commercial software. 
Statistical Analysis
Statistical analyses were performed using commercial software. j Normality for each analyte was evaluated using the Shapiro-Wilk test. Groups were compared by t-test and data expressed as mean AE SD for normally distributed data. Nonparametric data were compared by Mann-Whitney U-test and data expressed as median and range. Statistical significance was set at P < .05.
Spearman rank correlations (r s ) were used to examine associations between analytes.
Results
The final study population consisted of 20 Greyhounds and 20 non-Greyhound dogs. Of 44 dogs evaluated for possible inclusion in this study, 2 were excluded due to presence of leukocytes in the urine sediment and 2 for failure to collect urine. The 20 Greyhounds ranged from 3 to 8 years of age and included 10 spayed females and 10 neutered males. The 20 nonGreyhound dogs ranged from 1 to 7 years of age and included 8 spayed females and 12 neutered males. There was no significant difference in ages between groups (P = .066). The non-Greyhounds consisted of 15 mixed breeds, 2 Boxers, 1 Standard Poodle, 1 German Shepherd Dog, and 1 Great Dane.
Greyhounds had significantly higher serum creatinine (P < .001) and urea nitrogen (P = .033) concentrations than non-Greyhounds (Table 1 ). Serum sodium (P = .017) and serum chloride (P = .028) concentrations were also significantly higher in Greyhounds than in non-Greyhounds, but there was no difference in serum potassium concentration (P = .11) ( Table 1) . Urine specific gravity was not significantly different between groups (P = .44; Table 1 ). FE of sodium (P = .636), potassium (P = .62), and chloride (P = .12) were not different between groups (Table 2) . However, urine albumin concentration (P = .006) and FE of albumin (P = .004) were significantly greater in Greyhounds compared to non-Greyhound dogs (Table 2) . One sample for SDMA from a Greyhound was lost. SDMA concentration was higher (P < .001) in Greyhounds compared to non-Greyhounds (Table 2) . Thirteen greyhounds (68%) had SDMA concentrations greater than the upper limit of the commercial laboratory's canine SDMA reference interval (0-14 lg/dL), while 6/19 (31%) had SDMA concentrations ≤14 lg/dL. In contrast, all but one of the non-Greyhound dogs (95%) had SDMA ≤14 lg/dL. SDMA was significantly correlated with serum creatinine concentrations in the Greyhounds (r s = 0.657, P = .002) but not in the non-Greyhounds (r s = 0.019, P = .94) (Fig 1) . SDMA concentration was not correlated with BUN concentration in either group (r s = 0.348, P = .15 for Greyhound and r s = À0.148, P = .53 for non-Greyhounds), nor with urine albumin concentration (r s = À0.264, P = .28 for Greyhounds and r s = À0.155, P = .52 for non-Greyhounds).
SP was significantly higher in Greyhounds than in non-Greyhounds (P = .030) (Fig 2) . There was no significant difference in diastolic blood pressure (P = .82) BUN, blood urea nitrogen; SDMA, symmetric dimethylarginine; USG, urine specific gravity; FE, fractional excretion. Data are expressed as mean AE SD for normally distributed data and as median and range () for nonparametric data. or mean arterial pressure (P = .66) between the 2 groups (Fig 2) .
PRA and ACE activity did not significantly differ between the 2 groups (P = .60 and P = .77, respectively, Table 2 ). However, serum aldosterone concentration was significantly lower in Greyhounds than in nonGreyhounds (P = .002, Table 2 ), and the ratio of aldosterone to ACE activity was lower in Greyhounds compared to non-Greyhound (P = .049, Table 2 ). No difference in ANP was observed between groups (P = .33, Table 2 ).
Discussion
The goal of this study was to evaluate whether Greyhounds have differences in their RAAS compared to non-Greyhounds, and whether such differences contribute to higher blood pressure, albuminuria, and the prevalence of renal disease observed in the breed. Greyhounds in our study had higher SP and urinary albumin concentrations than non-Greyhounds, which is consistent with previous reports. 5, 11, 13, 24, 25 We measured serum SDMA as a noninvasive means to assess GFR. SDMA is a small molecule that is primarily eliminated by renal excretion and can serve as an endogenous marker of GFR. 26 Increases in SDMA are used for early identification of decreased renal function in dogs and cats with kidney disease. [26] [27] [28] Both SDMA and serum creatinine concentrations were significantly higher in Greyhounds compared to non-Greyhounds. Sixty-eight percent of the Greyhounds had SDMA concentrations above the recommended upper reference limit of 14 lg/dL 26 compared to only 5% of the non-Greyhound dogs. In addition, SDMA concentration was correlated with serum creatinine concentration in the Greyhounds but not in the non-Greyhounds. This is similar to previous studies in which the correlation between SDMA and serum creatinine is stronger if dogs with "renal disease" are included, compared to groups that only include healthy animals. 26 These findings could suggest some degree of decreased GFR in the Greyhounds compared with the non-Greyhound dogs. However, in a previous study, we showed that Greyhounds have both higher GFR and serum creatinine concentrations than non-Greyhounds and that the higher serum creatinine in Greyhounds could not be attributed to a lower GFR in this breed. 29 Previous reports have suggested that breed does not influence SDMA concentration; however, Greyhounds were not included in those studies. 30, 31 The reason for higher SDMA concentrations in our study Greyhound dogs remains unclear. Further studies are needed to determine the relationship between circulating SDMA concentrations and GFR in the Greyhound and whether breed-specific reference intervals should be established for this analyte; a prospective study of SDMA concentration in Greyhounds is currently underway.
Evaluation of the RAAS and ANP did not detect marked differences between Greyhounds and non-Greyhound dogs to account for the increased SP and urine albumin excretion observed in the Greyhounds. If the RAAS was appropriately responsive, one would expect PRA to be lower and ANP increased in Greyhounds, given their higher SP and serum sodium concentrations. PRA was not significantly different in Greyhounds, suggesting that the higher SP in Greyhounds may be most consistent with normal renin hypertension. In people with normal-renin essential hypertension, plasma aldosterone concentrations tend to have a unimodal distribution that parallels PRA and PRA falls within the normal reference interval. 32, 33 The Greyhounds with normal PRA and low aldosterones do not completely fit with this condition. Alternatively, a variety of albuminuric conditions have been recognized in people to be associated with low aldosterone, variable ANP, salt sensitivity, and hypertension which appear to be related to alterations in renal tubular sodium channel activity. 34 Further studies are warranted to evaluate renal sodium handling in the Greyhound breed.
ACE activity was used as a proxy for angiotensin II in this study. ACE is the enzyme that cleaves circulating angiotensin I to form angiotensin II. Angiotensin II is a key regulator of sodium homeostasis by stimulating aldosterone secretion and by direct effects on tubular sodium resorption mediated through the angiotensin receptor 1 (AT1). Additionally, angiotensin II has a direct effect on vasculature, resulting in vasoconstriction. 35 There was no significant difference observed in ACE activity between Greyhounds and non-Greyhounds, suggesting a similar production of angiotensin II. Interestingly, serum aldosterone concentrations were significantly lower in Greyhounds, as were aldosterone/ACE ratios. This is consistent with the higher serum sodium concentrations observed in Greyhounds, suggesting that aldosterone secretion is downregulated. If ACE activity reflects angiotensin II production, this would suggest that direct renal effects of angiotensin II on tubular sodium reabsorption could be more important than those of aldosterone in maintaining the higher serum sodium concentrations in the Greyhounds. 14, 36 While chronic infusion of angiotensin II into the renal artery of Greyhounds results in increased systemic arterial pressure, baseline levels of angiotensin II have not been measured in this breed. 37 It is possible that significant differences may exist in Greyhounds in actual angiotensin II levels, in response to angiotensin II at the cellular level, or in activation of alternative pathways of the renin-angiotensin cascade. A study specifically evaluating angiotensin II and other components of the RAAS cascade would be needed to make this assessment.
Limitations of this study include failure to control for diet, which could have impacted concentrations of various electrolytes, most notably serum sodium. We attempted to minimize this effect by sampling in the morning after a 12-hour fast. Additionally, secretion of aldosterone occurs throughout the day in a pulsatile manner, so single measurements may not be good predictors of average daily aldosterone levels. In people, 24-hour urinary aldosterone measurements are used to screen patients for primary aldosteronism. More recently, urinary aldosterone-to-creatinine ratios have been used as a simpler means of ascertaining average daily aldosterone concentrations. 38 Use of urinary aldosterone-to-creatinine ratio in this study may have been a better predictor of overall daily aldosterone levels. However, we were interested assessing in the interactions of renin, angiotensin II, and aldosterone. That the aldosterone to ACE ratio (with ACE as a surrogate for the effector molecule, angiotensin II) was lower in Greyhounds suggests altered regulation of aldosterone by angiotensin II or altered sensitivity of renal tubules to angiotensin II. Based on the findings of this study, the increased SP, albuminuria, and SDMA concentration in Greyhounds is not associated with overt activation of the RAAS and, in fact, serum aldosterone concentrations are lower in this breed. Other considerations for why these differences are observed may be alterations in vascular reactivity, modulation of other vasoactive mediators, or differences in renal tubule sodium handling. Ultimately, further research is indicated to determine the mechanisms underlying the increased blood pressure and albuminuria as well as the possible decrease in GFR seen in this breed. 
Footnotes

